Results from neuroimaging studies have shown that the dorsolateral prefrontal cortex (DLPFC) implements processes critical for organizing items in working memory (WM). Based on its role in WM, we hypothesized that the DLPFC should contribute to long-term memory (LTM) formation by strengthening associations among items that are organized in WM. We conducted an event-related functional magnetic resonance imaging (fMRI) study to test this hypothesis by investigating prefrontal activity during performance of two different WM tasks: on "rehearse" trials, participants actively maintained triplets of words during a brief delay, whereas on "reorder" trials, participants actively organized each triplet during the delay. After scanning, subjects performed an LTM test on words presented during both WM conditions. Behavioral results showed that WM processing in the reorder condition enhanced LTM by strengthening inter-item associations. fMRI results showed that DLPFC activity specifically during reorder trials was predictive of subsequent LTM. In contrast, activity in the posterior ventrolateral prefrontal cortex was predictive of LTM for words studied on both reorder and rehearse trials. These results support the view that the DLPFC contributes to LTM formation through its role in organization of information in WM.
Introduction
Neuropsychological studies suggest that the prefrontal cortex (PFC) implements control processes that contribute to working memory (WM) and episodic long-term memory (LTM) (Shimamura, 1995; Ranganath and Knight, 2003) . Neuroimaging results additionally support the idea that different prefrontal subregions differentially contribute to WM. Specifically, activation in ventrolateral prefrontal areas [ventrolateral prefrontal cortex (VLPFC) ], at or near Brodmann's areas (BA) 6, 44, 45, and 47, has been observed during a variety of tasks that require WM maintenance. More dorsolateral prefrontal areas [dorsolateral prefrontal cortex (DLPFC)], at or near BA 9 and 46, are additionally recruited during tasks requiring organization of items that are active in WM Petrides, 2000) .
Given that both WM maintenance (Greene, 1987; Dobbins et al., 2004; and organizational processing (Tulving and Pearlstone, 1966; Bower, 1970; Sternberg and Tulving, 1977; Hunt and Einstein, 1981; Davachi and Wagner, 2002) promote LTM formation, both DLPFC and VLPFC activity at encoding should be correlated with successful LTM performance. Figure 1 and Table 1 summarize results from functional magnetic resonance imaging (fMRI) studies that compared lateral prefrontal activity during encoding of items that were remembered on a subsequent memory test with activity elicited by subsequently forgotten items. Of 30 studies reporting subsequent memory effects, 27 reported local maxima in the VLPFC. In contrast, only seven studies reported local maxima within the DLPFC. Furthermore, five studies reported increased DLPFC activity for subsequently forgotten than for remembered items.
These neuroimaging results are consistent with at least two possibilities. One possibility is that the DLPFC implements processes that contribute to WM but do not promote successful LTM formation ). Another possibility is that the DLPFC contributes to LTM formation, but previous studies were insensitive to detecting these contributions. Relevant to this latter possibility, virtually every previous study of LTM formation has examined encoding of individual items in isolation. We propose that the DLPFC is critical for organizing items that are currently active in WM (Ranganath and D'Esposito, 2005) and that this processing promotes LTM by strengthening inter-item associations (Tulving and Pearlstone, 1966; Bower, 1970; Bower and Winzenz, 1970; Sternberg and Tulving, 1977; Hunt and Einstein, 1981) .
Here, we used event-related fMRI to test this hypothesis by examining prefrontal activity during two WM tasks (Fig. 2) . On "rehearse" trials, participants subvocally rehearsed a list of three words across a memory delay. On "reorder" trials, participants mentally rearranged a list of three words based on the weight of the objects that the words referred to. After scanning, we admin-istered a surprise LTM recognition test on words processed in both conditions. With this design, we were able to examine prefrontal activity related to WM processing and as a function of performance on the subsequent LTM test. Because reorder trials require participants to organize multiple items in WM, we predicted that (1) DLPFC activity during the delay period should be greater for reorder trials than for rehearse trials and (2) DLPFC activity during the delay period of reorder trials should be related to subsequent LTM performance.
Materials and Methods
Participants. Thirteen (seven males; age, 22-30 years) participants were recruited from the University of California at Davis (UC Davis) student community. Participants gave informed consent before the experiment and were paid for their participation. One participant was excluded from the reorder subsequent memory analysis, and data from one other subject was excluded from rehearse subsequent memory analysis. Each of these subjects did not have an adequate number of subsequent memory trial bins in either the reorder or the rehearse condition to allow for a meaningful analysis.
Materials. Stimuli in this experiment consisted of 504 words selected from the Medical Research Council Psycholinguistic database (http:// www.psych.rl.ac.uk/MRC_Psych_Db.html). The words were 2-13 letters in length (mean, 5.5; SD, 1.8) and moderate frequency (KuceraFrancis written frequency mean 40), highly concrete (mean concreteness rating of 588), and highly imageable (mean imageability rating of 584). These words were used to construct three separate lists of 168 words matched for length, frequency, concreteness, and imageability. Two of the word lists were used for the WM tasks, whereas words from the third list were used as foils for the subsequent LTM recognition test. For the two WM word lists, unique word triplets were constructed in a psuedorandomized manner. The authors inspected the triplets to ensure that there was no ambiguity in terms of the relative referent weight or pronunciation of the words. The two WM word lists were counterbalanced between subjects and WM condition.
Behavioral procedure. During the scanning phase, participants first performed a visuomotor response task, the results of which were used to empirically estimate a subject-specific hemodynamic response function (HRF; see below). Next, participants performed a total of 56 reorder and 56 rehearse trials (Fig. 2) . On rehearse trials, participants were presented with a cue (1.5 s) containing three nouns arranged vertically, and they were instructed to subvocally rehearse the list in sequence across a 12.5 s delay. After the delay, a probe noun from the cue list and a number (1-3) were presented to the participants (1 s). Participants were to press one of two buttons on a response box to indicate whether the probe word was presented in the serial position indicated by the number. The probe word and number were arranged vertically on the screen. During the cue and delay period, the instruction word "REHEARSE" appeared underlined at the topmost region of the screen. On reorder trials, participants were presented with a cue (1.5 s) containing a column of three nouns, and they were instructed to mentally rearrange this list according to the actual weight of the objects during a 12.5 s delay. After the delay, a probe word from the cue list and a number (1-3) were presented to the participants for 1 s. Participants were to press one of two buttons on a response box to indicate whether the number corresponded to the serial position of the probe word in the rearranged list. During the cue and delay period, the instruction word "REORDER" appeared underlined at the topmost region of the screen. Each trial was followed by a variable 10 -14 s intertrial interval. Seven reorder trials and seven rehearse trials were presented in a pseudo-random sequence in each scanning run. There were eight scanning runs.
After the scanning session, participants were given a surprise recognition memory test to assess LTM for all of the words that were shown as cue stimuli in the scanner (168 reorder and 168 rehearse plus 168 novel foils). In this test, participants were shown each word individually on a computer screen and were instructed to judge whether they vividly recollected the word ("remember"), felt that word was familiar although they could not recollect the word ("know"), or the word was not studied in the scanner ("new").
MRI acquisition and processing. MRI data were collected on a 1.5T GE Signa scanner at the UC Davis Imaging Research Center. A gradient echoplanar imaging (EPI) sequence was used (repetition time, 2000 ms; echo time, 40 ms; field of view, 220; 64 ϫ 64 matrix; voxel size, 3.4375 ϫ 3.4375 ϫ 5 mm) to acquire functional images, with each volume consisting of 24 axial slices. Coplanar and high-resolution T1-weighted images were also acquired. fMRI data preprocessing was performed with Statistical Parametric Mapping (SPM99) software for all subjects. EPI images were sinc interpolated in time to correct for between-slice timing differences in image acquisition, realigned using a six-parameter, rigid-body transformation algorithm, spatially normalized to the template from the International Consortium for Brain Mapping Project (Cocosco et al., 1997) , resliced into 3.5 mm isotropic voxels, and spatially smoothed with an 8 mm full-width at half-maximum Gaussian filter.
MRI data analysis. Activity changes during each phase of each trial were deconvolved using multiple regression (Courtney et Local maxima plotted in green are those associated with subsequent memory (rememberedϾforgotten). Local maxima plotted in red are those associated with subsequent forgetting (forgottenϾremembered). Of the 116 local maxima associated with subsequent memory, only 10 fall within the DLPFC (BA 46 and 9) compared with 106 in the VLPFC (BA 6, 44, 45, and 47) . In contrast, 10 of the 11 local maxima associated with subsequent forgetting fall within the DLPFC. L, Left; R, right. Ranganath et al., 2004b) . The basic assumption behind this approach is that the time course of blood oxygenation level-dependent (BOLD) signal changes on any given trial can be considered as a linear combination of temporally distinct neural activity patterns that are each convolved with the HRF. More specifically, covariates modeling BOLD signal changes associated with the cue, delay, and probe periods of each trial were constructed by convolving vectors of expected neural activity associated with each of these components with a subjectspecific HRF estimated from responses in the central sulcus during the visuomotor response task (Handwerker et al., 2004) . Data from the visuomotor response task were not available for one subject, and for this subject, covariates were constructed by convolving the vector of expected neural activity with the "canonical" HRF included in SPM99. The onset and offset of delay period vectors were spaced apart from the cue and probe period vectors to minimize the possibility that neural activity limited to the cue and probe periods would load on the delay covariate Ranganath and D'Esposito, 2001 ) (for additional details, see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
BOLD responses were modeled separately for each phase of reorder and rehearse trials. Additional analyses modeled each phase of each trial type according to subsequent memory performance. In the reorder condition, task phases of trials with high recollection (two to three words endorsed as remember in a trial) and task phases of trials with low recollection (zero to one word endorsed as remember in a trial) were modeled with separate covariates. In the rehearse condition, task phases of trials with high recognition (two to three nouns endorsed as remember or know in a trial) and task phases of trials with low recognition (zero to one noun endorsed as remember or know in a trial) were modeled with separate covariates (for the number of trials in each subsequent memory bin, see supplemental material, available at www.jneurosci.org). These covariates only modeled responses for trials that were associated with correct match/nonmatch decisions on the probe. Trials associated with incorrect WM decisions were modeled with separate covariates. Additional nuisance covariates modeled global signal changes that could not be accounted for by variables in the design matrix (Desjardins et al., 2001 ), trial-specific baseline shifts, and an intercept. The convolution matrix included a time-domain representation of the 1/f power structure Zarahn et al., 1997 ) and filters to remove frequencies Ͼ0.25 Hz and Ͻ0.02 Hz.
After single-subject analyses, images of parameter estimates for each contrast of interest (i.e., linear combinations of regression coefficients derived from the general linear model) were entered into a second-level, one-sample t test, in which the mean estimate across participants at each voxel was tested against zero. Significant regions of activation were identified using an uncorrected one-tailed threshold of p Ͻ 0.001. For visualization purposes, thresholded statistical parametric maps were overlaid on T1-weighted images using MRIcro software (Rorden and Brett, 2000) and Caret software (Van Essen et al., 2001; Van Essen, 2002) . Additional analyses were performed on regions of interest (ROIs), which were defined by selecting all contiguous, significantly active voxels in anatomically constrained areas.
Results

Behavioral results
Accuracy was high on both rehearse (97.8% correct) and reorder (92.7% correct) trials. The 5.1% performance difference between b This column contains a short description of the paradigm used to investigate subsequent memory or forgetting effects in each study. c These studies reported local maxima in prefrontal regions where activity during encoding was greater for items that were subsequently remembered than for items that were subsequently forgotten. d These studies reported prefrontal regions where activity during encoding was greater for items that were subsequently forgotten than for items that were subsequently remembered. conditions was statistically significant (t (12) ϭ 5.13; p Ͻ 0.0005). Additionally, mean reaction times (RTs) were significantly faster on rehearse (1.43 s) than on reorder (1.49 s) trials (t (12) ϭ 2.57; p Ͻ 0.05). Performance on the subsequent LTM test for words encoded on rehearse and reorder trials is shown in Figure 3a . Of the words encoded on reorder trials, 46.5% were judged "remembered" and 31.7% were given a "know" response. Of the words encoded on rehearse trials, 16.3% were judged "remembered" and 34.7% were given a "know" response. For unstudied foil items, 3.0% were judged "remembered" and 27.4% were given a "know" response. Rates of remember (R) responses and overall hits (RϩK) were significantly higher than the corresponding false-alarm rates for items studied on reorder (R rate: t (12) ϭ 10.74, p Ͻ 0.0001; overall hit rate: t (12) ϭ 11.47, p Ͻ 0.0001) and rehearse (R rate: t (12) ϭ 7.12, p Ͼ 0.0001; overall hit rate: t (12) ϭ 6.51, p Ͻ 0.0001) trials. Words encoded on reorder trials were significantly more likely to be judged as remembered compared with words encoded on rehearse trials (t (12) ϭ 11.31; p Ͻ 10 Ϫ7 ). The proportion of know responses was not significantly different between encoding conditions (t (12) ϭ 0.90; p Ͻ 0.38).
In addition to the analyses of overall item memory presented above, we performed analyses to characterize the number of items from a given trial that were remembered. To the extent that subjects simply encoded each word in isolation, one would expect that successful memory for each item should be independent and thus well described by the overall item hit rates. However, to the extent that subjects actively formed associations among words in the memory set, we would expect the number of trials in which all three words from the memory set were subsequently recollected (i.e., given R judgments) to exceed the expected value given by the hit rates. We predicted that organization of memory-set items during reorder trials should result in strengthened associative links between these items (Tulving and Pearlstone, 1966; Bower, 1970; Bower and Winzenz, 1970; Hunt and Einstein, 1981; Greene, 1987) . To test this prediction, we calculated the proportion of trials on which we would expect subjects to successfully recollect all three words from the memory set based on the overall hit rates from the reorder and rehearse conditions (Fig. 3b) . A positive difference between the observed versus expected proportions of recollected triplets would indicate that subsequent LTM performance was supported by enhanced associations between the elements of a memory set. Results showed that, during encoding in reorder trials, every subject showed a larger proportion of subsequently recollected word triplets than what would be expected based on the overall hit rate (sign test; p Ͻ 0.0005). In contrast, on rehearse trials, the proportion of subsequently recollected triplets was not significantly different from what would be expected based on the overall hit rates (sign test; p Ͼ 0.2256). The results for rehearse trials were essentially unchanged when LTM performance was analyzed by collapsing across remember and know responses. In summary, these analyses suggest that the reorder task enhanced subsequent LTM performance, in part through strengthening of inter-item associations.
fMRI results Our first analyses tested the hypothesis that the DLPFC is involved in organizing information in WM. Based on this hypothesis, we predicted that DLPFC activity during the delay period should be greater on reorder trials (when subjects were actively organizing a sequence of words) than on rehearse trials (when subjects were maintaining a sequence of words). To test this prediction, parameter estimates indexing early and late delay period activity were contrasted between reorder and rehearse trials. Results from this contrast, shown in Figure 4 , were consistent with our prediction: bilateral regions of the DLPFC, at or around BA 9 and 46 in the middle frontal gyrus, showed increased delayperiod activation during reorder trials relative to rehearse trials. Additionally, increased delay-period activity during reorder trials was also observed in the bilateral VLPFC at or near BA 6, 44, 45, and 47 in the inferior frontal gyrus.
The above results are consistent with the idea that the DLPFC is involved in organizing items that are active in WM. Results from previous behavioral studies, (Tulving and Pearlstone, 1966; Bower, 1970; Bower and Winzenz, 1970; Hunt and Einstein, 1981; Greene, 1987) , along with the analyses of behavioral results presented above, showed that organizing items in WM facilitates LTM by strengthening inter-item associations. Accordingly, our next set of analyses tested the prediction that DLPFC activity during the delay period of reorder trials would correlate with enhancements of inter-item associations in LTM. To test this second hypothesis, we used the results from the above fMRI analyses to functionally define ROIs in the left and right DLPFC (BA 46 and 9) and examined activity in these ROIs as a function of subsequent LTM performance. Additionally, we examined activity in relatively anterior (aVLPFC: BA 45 and 47) and relatively posterior (pVLPFC: BA 6 and 44) regions within the VLPFC, because these prefrontal regions have been implicated in numerous studies of successful item memory encoding (Table 1) .
To assess subsequent memory effects on reorder trials, we contrasted delay-period activity between reorder trials for which two or three words from each triplet were recollected on the subsequent LTM test ("high recollection") and trials for which only zero or one word was recollected ("low recollection"). The reasoning behind this contrast is that organizing information in WM on reorder trials should promote LTM formation by strengthening associations between the items in each triplet. On high-recollection trials, given that participants were subsequently able to recollect details of either two or three words from a given triplet, it is likely that LTM was supported in part through interitem associations (Mandler, 1980) . Thus, if the DLPFC contributes to LTM formation through its role in organizing items in Figure 3 . Subsequent LTM performance for words studied during reorder and rehearse trials. a, Proportion of remember (gray bars) and know (black bars) hits for words studied in reorder and rehearse conditions. Error bars depict the SEM across subjects, and the asterisk denotes a significant difference in remember rates between reorder and rehearse trials. b, Difference between observed and expected numbers of recollected triplets from each memory set. The mean difference between the observed number of trials for which all three words were successfully judged as remembered and the expected number of such trials given the overall hit rate is separately plotted for reorder and rehearse trials. A positive difference indicated that subsequent memory performance was benefited by enhanced inter-item associations. Error bars depict the SEM across subjects, and the asterisk denotes that the observed expected difference was statistically significant for reorder trials.
WM, we would expect delay activation to be greater on highrecollection trials than on low-recollection trials, on which memory would be less likely to be supported by inter-item associations. Trial-averaged time courses in the left hemisphere ROIs are shown in Figure 5 . Consistent with our prediction, both left and right DLPFC ROIs showed greater delay-period activity for highrecollection trials relative to low-recollection trials (left: t (11) ϭ 2.82, p Ͼ 0.05; right: t (11) ϭ 3.73, p Ͻ 0.05). Outside of the DLPFC, we also investigated whether activity in ventrolateral prefrontal areas identified by the reorderϾrehearse contrast also contributed to LTM formation on reorder trials. Results showed that ROIs in the aVLPFC and pVLPFC demonstrated greater activity on high-recollection trials than on low-recollection trials (left aVLPFC: t (11) ϭ 3.90, p Ͻ 0.05; right aVLPFC: t (11) ϭ 3.73, p Ͻ 0.05; left pVLPFC: t (11) ϭ 3.45, p Ͻ 0.05).
The findings described above potentially suggest a role for the DLPFC in strengthening inter-item associations, but they also could reflect a role for these regions in simply enhancing item strength. To rule out this possibility, additional analyses were performed to investigate the relationship between prefrontal activation and subsequent memory for items encoded on rehearse trials. There were too few rehearse trials with two or three subsequently recollected items to conduct the same type of subsequent memory analysis that was performed for reorder trials (see supplemental material, available at www.jneurosci.org). This is not surprising, because previous studies have shown that rote maintenance rehearsal promotes memory performance primarily by building item strength in a manner that supports overall recognition, rather than recollection (Greene, 1987; Dobbins et al., 2004) . We therefore investigated the relationship between prefrontal activity during the memory delay on rehearse trials and subsequent item recognition memory, collapsing across remember and know responses. Specifically, for each PFC ROI, we contrasted delay-period activation between rehearse trials for which two or three words were subsequently recognized (high recognition) with delay-period activity during rehearse trials in which one or zero words were recognized (low recognition). We reasoned that regions that contribute to LTM formation by enhancing overall item strength should be expected to show increased activation during the delay period of high-recognition trials relative to low-recognition trials.
As shown in Figure 5 , DLPFC ROIs did not show activity differences between high-and low-recognition trials (left: t (11) ϭ 1.54, p Ͼ 0.05; right: t (11) ϭ 1.27, p Ͼ 0.05). The left and right aVLPFC and right pVLPFC did not show significant activity differences between high-and low-recognition trials (all t Ͻ 1.7; all p Ͼ 0.20). However, the left pVLPFC, corresponding to BA 44 and BA 6 (t (11) ϭ 2.78; p Ͻ 0.05) did show significantly greater activation on high-recognition trials than on low-recognition trials (Fig. 5) .
The results described above suggest that left DLPFC activity was correlated with subsequent memory performance specifically on reorder trials, whereas left pVLPFC activity was correlated with subsequent memory on both reorder and rehearse trials. To statistically test whether this pattern of results reflected a dissociation between the two regions, we compared left DLPFC and left pVLPFC activation as a function of subsequent memory on rehearse trials. We performed a region (DLPFC, pVLPFC)-bymemory (high recognition, low recognition) ANOVA on delayperiod activation on rehearse trials. These analyses revealed a marginal region-by-memory interaction (F (1,11) ϭ 3.30; p ϭ 0.09). This finding suggests that although the DLPFC and pV-LPFC exhibited different patterns of subsequent memory effects in our experiment, differences between these two regions may be more graded than absolute.
Alternative explanations for DLPFC activity
The results described above are consistent with the idea that the DLPFC can promote successful LTM formation through its role in WM organization, but they are also open to alternative interpretations. We therefore conducted additional analyses to rule out alternative accounts for the pattern of results observed in the DLPFC. For example, reorder trials were more difficult (as indexed by RT and accuracy) than rehearse trials, raising the possibility that DLPFC WM activity and subsequent memory effects could solely reflect nonspecific effects related to making a more difficult decision. Our analysis methods minimized this possibility in the following ways. First, our analyses only included trials that were associated with correct WM decisions, excluding the possibility that effects might have been driven by incorrect responses on the more difficult task. Second, our event-related design allowed us to separate activation occurring during the delay period from activation related to processing of the cue and probe stimuli. If the observed differences were related to simply making a more difficult judgment, such differences would occur during the probe phase, rather than the delay period, which was the focus of the present analyses. We conducted additional analyses to verify that the DLPFC subsequent memory effect was not confounded with task difficulty. First, we compared RTs for reorder trials with high (2-3 R) and low (0 -1 R) levels of subsequent recollection. We found no significant RT differences between the two trial types (reorder high, 1.48 s; reorder low, 1.51 s; t (11) ϭ 0.62; p Ͼ 0.05), suggesting that reorder trials with high versus low levels of subsequent recollection were associated with equivalent levels of task difficulty. Additionally, we found no significant correlation between individual RT differences between high-and low-recollection trials and DLPFC subsequent memory effects (left DLPFC: t (11) ϭ Ϫ0.37, p Ͼ 0.05; right DLPFC: t (11) ϭ Ϫ1.47, p Ͼ 0.05). The results from these analyses demonstrate that DLPFC subsequent memory effects were not confounded with task difficulty.
Another potential explanation of DLPFC subsequent memory effects is that DPLFC activation might be generally associated with encoding that leads to subsequent recollection regardless of the type of process that is engaged during encoding. According to this account, the DLPFC showed a subsequent memory effect on reorder trials because these analyses contrasted activation as a function of the number of items per trial that were subsequently recollected (i.e., received an R response). To test this account, we performed two additional analyses. First, we compared delay-period activation between rehearse trials on which one or more items were subsequently given a remember response against rehearse trials that were associated with no subsequently recollected items. If DLPFC activation is associated with any form of encoding that leads to recollection, then we would expect to observe DLPFC activation in this contrast. However, this analysis revealed no significant difference in the left or right DLPFC ROI (t (11) ϭ 0.84; p Ͼ 0.05).
To further rule out the possibility that DLPFC activation is generally associated with encoding that leads to recollection, we conducted another subsequent memory analysis on results from rehearse trials. In this analysis, we contrasted DLPFC activation on reorder trials that were associated with low levels of recollection (zero or one R response) with activation on rehearse trials with high levels of overall recognition memory (two to three items receiving R or K responses). A direct comparison revealed that these two trial types were matched with respect to the mean proportion of items associated with R responses per trial (t (11) ϭ 0.63; p Ͼ 0.05). Accordingly, contrasting these trial types allowed us to assess DLPFC activation associated with organizational processing while controlling for differences in subsequent recollection. If DLPFC activation is associated with any form of encoding that leads to recollection, then we would not expect to find DLPFC activation in this contrast (because both trial types were associated with similar levels of subsequent recollection). If, on the other hand, DLPFC activation specifically reflects the engagement of organizational processing during encoding, we would expect to see activation in this contrast. Consistent with the latter view, delay-period activation in the left DLPFC ROI was significantly higher for reorder than for rehearse trials (t (12) ϭ 2.90; p Ͻ 0.01), although the trial types were matched for subsequent recollection. Together, these results rule out the possibility that DLPFC activity during encoding is generally related to subsequent recollection and supports the view that the DLPFC more specifically supports subsequent memory through its role in WM organization.
Finally, a third potential explanation of DLPFC subsequent memory effect is that it was driven by the demand to refresh previously active representations on reorder trials (Raye et al., 2002; Johnson et al., 2004) . If the DLPFC contributes to LTM formation through refreshing, we would expect that DLPFC activation during the early part of the delay period of rehearse trials should be correlated with subsequent LTM performance. To test this hypothesis, we examined subsequent memory effects on rehearse trials separately for covariates modeling activity during the early and late delay periods. These analyses did not reveal reliable subsequent memory effects during either task period in the left (early delay: t (11) ϭ 1.37, p Ͼ 0.05; late delay: t (11) ϭ 1.38, p Ͼ Figure 5 . Time course of activation in prefrontal ROIs. The activity in the reorder and rehearse task is plotted separately for the left DLPFC, left aVLPFC, and left pVLPFC. These results show that delay-period activity in the DLPFC and aVLPFC was correlated with subsequent LTM performance specifically during reorder trials. In contrast, delay-period activation in the pVLPFC was predictive of subsequent LTM on both rehearse and reorder trials. The error bars in the time courses reflect the SEM at each time point for the reorder and rehearse tasks for each ROI. 0.05) or right (early delay: t (11) ϭ 1.39, p Ͼ 0.05; late delay: t (11) ϭ 1.29, p Ͼ 0.05) DLPFC ROIs. This suggests that refreshing in the absence of organization is not sufficient to elicit subsequent memory effects in the DLPFC.
Discussion
We tested the hypothesis that the DLPFC promotes successful LTM formation by virtue of its role in WM organization. By "organization" we mean modifying preexisting relationships or establishing a new relationship among items that are currently active in WM. Consistent with our hypotheses, we observed the following: (1) DLPFC activity was disproportionately increased during the delay period of reorder trials, relative to rehearse trials; (2) DLPFC activity during the delay period of reorder trials was greater for trials in which two to three items were later recollected compared with trials in which zero or one item was later recollected; and (3) DLPFC activity during rehearse trials that did not emphasize organizational processing was not significantly related to subsequent LTM performance.
DLPFC and WM processing
Our findings are consistent with several studies that reported increased DLPFC activation during "manipulation" tasks that required participants to modify the sequential relationships among items that are currently active in WM Wagner et al., 2001b; Barde and Thompson-Schill, 2002) . DLPFC activation has also been reported in studies investigating "chunking," which involves processing of relationships to build higher-level groupings among items that are active in WM (Bor et al., 2004) . Reasoning tasks, which entail extraction and integration of relationships among verbal propositions (Bunge et al., 2005) , mathematical operations , or complex visual objects (Christoff et al., 2001; Kroger et al., 2002) active in WM have also been shown to activate the DLPFC. These findings highlight the fact that the DLPFC is consistently active during tasks that require the establishment or modification of relationships among items in WM.
DLPFC activity and LTM formation
Previous neuroimaging studies of LTM formation have examined a range of factors, including semantic processing, phonological control, self-relevance, item-versus state-related processes, accessibility, and emotional valence (Table 1) . These studies have consistently reported VLPFC subsequent memory effects, but few have reported DLPFC subsequent memory effects. Most previous studies of memory encoding used tasks that did not require organization and examined encoding of items in isolation. Additionally, some studies that examined encoding of item pairs (Sperling et al., 2003; Prince et al., 2005 ) required participants to a compare the items in each pair but did not require them to modify or form a new relationship. Our results demonstrate that the DLPFC contributes to LTM formation when participants must organize items during encoding.
One previous fMRI study by Davachi et al. (2001) examined the relationship between WM organization and subsequent LTM performance. In their study, as in ours, DLPFC and VLPFC activation was increased during organization of items in WM, relative to trials in which items were maintained. However, Davachi et al. (2001) did not report a significant relationship between DLPFC activity and subsequent LTM performance. Because their study was primarily intended to investigate neural mechanisms of WM maintenance, there are several key differences between their experiment and the present study. Methodological differences in the types of WM and LTM tests that were used, and the procedures used for analyzing behavioral and imaging results, could account for the discrepancy between Davachi et al. (2001) and the present findings.
As noted above, DLPFC activation during encoding has sometimes been associated with subsequent forgetting. These effects have been interpreted to reflect task-irrelevant processing that is deleterious to LTM formation (Otten and Rugg, 2001a; Wagner and Davachi, 2001) or activity changes in networks that, when deactivated, support successful memory formation (Daselaar et al., 2004) . We propose that DLPFC activation can be correlated with subsequent remembering or forgetting, depending on the particular encoding and retrieval conditions that are being investigated. During encoding tasks that emphasize the distinctiveness of single items, incidental processing of inter-item relationships would be task irrelevant and potentially counterproductive. Additionally, if subjects are tested under conditions with high similarity between foils and previously studied items, encoding of inter-item relationships might not support accurate discrimination. In these instances, DLPFC activity during encoding could be associated with item forgetting. Additional research will be necessary to test this hypothesis.
It is important to note that the reorder and rehearse trials differed in a number of ways, potentially raising concerns that the results in the DLPFC could be attributed to processes other than organization. One possibility is that semantic or mental imagery processes occurring during reorder might account for the subsequent memory effect in the DLPFC. This is unlikely given that studies investigating encoding during semantic (Wagner et al., 1998; Davachi et al., 2001; Fletcher and Henson, 2001) or imageability (Chee et al., 2004; Garoff et al., 2005) judgments on one or more items do not find DLPFC subsequent memory effects.
Another possibility is that DLPFC activation reflects encoding processes that lead to recollection regardless of the type of process that is engaged. However, our analyses showed that DLPFC activation was not associated with recollection in the rehearse condition and that it was greater on reorder than rehearse trials even after subsequent recollection was equated. Additionally, several studies have failed to observe DLPFC subsequent memory effects associated with subsequent recollection (Davachi and Wagner, 2002; Davachi et al., 2003; Sperling et al., 2003; Jackson and Schacter, 2004; Ranganath et al., 2004a; Prince et al., 2005) . These findings cast doubt on the idea that the DLPFC is generally associated with encoding that leads to recollection.
A third possibility is that DLPFC activation was driven by nonspecific factors correlated with task difficulty (as measured by RT and accuracy). However, the RT on reorder trials did not differ as a function of subsequent memory performance, nor did it correlate with DLPFC subsequent memory effects. These findings are consistent with studies that have reported increased DLPFC activation in contrasts between conditions that were matched for difficulty (Cabeza et al., 2002) or during performance of the less difficult of two tasks (Braver and Bongiolatti, 2002; Bor et al., 2004) . Additionally, in the extant encoding literature, four of the five encoding studies that reported significant accuracy differences between encoding tasks do not report DLPFC subsequent memory effects in either the more difficult or the relatively easier condition (Chee et al., 2003; Clark and Wagner, 2003; Reynolds et al., 2004; de Zubicaray et al., 2005) (but see Baker et al., 2001) .
A final possibility is that the DLPFC subsequent memory effect was driven by the fact that reorder trials forced subjects to repeatedly refresh previously active representations (Raye et al., 2002; Johnson et al., 2004) . However, refreshing was also necessary during the early delay period of rehearse trials, and yet DLPFC activity during this period was not correlated with subsequent memory performance. This finding argues against the strong hypothesis that refreshing in the absence of organization can drive DLPFC subsequent memory effects. Nonetheless, it is possible that the DLPFC works with pVLPFC to coordinate refreshing in the service of organization.
VLPFC subregions involved in encoding
Several neuroimaging studies have implicated the left VLPFC in linguistic control processes (Wagner et al., 2001a; Barde and Thompson-Schill, 2002; Gold and Buckner, 2002) . According to one account (Poldrack et al., 1999; Wagner et al., 2001a) , the left aVLPFC (BA 45 and 47) implements controlled retrieval and maintenance of semantic information, whereas the left pVLPFC (BA 6 and 44) implements controlled retrieval and maintenance of phonological information [for alternative viewpoints, see Barde and Thompson-Schill (2002) and Gold and Buckner (2002) ]. Consistent with this model, we found that the left pV-LPFC exhibited delay-period activation during both rehearse and reorder trials (both engaged phonological processing), whereas the left aVLPFC exhibited delay-period activation specifically during reorder trials (which additionally engaged semantic processing). Our results also showed that delay-period activation in the left pVLPFC predicted subsequent memory in both reorder and rehearse trials, whereas delay-period activation in the left aVLPFC specifically predicted subsequent memory on reorder trials. This pattern of results is consistent with findings dissociating anterior and posterior VLPFC subregions (Wagner et al., , 2001a Otten et al., 2001 ) and links the roles of these regions in WM with their roles in promoting effective LTM formation (Wagner, 1999) .
Finally, it should be emphasized that, although our review and empirical results are consistent with the idea that different prefrontal regions implement different processes, we did not observe strong evidence for dissociations between these regions. The present study was not explicitly designed to dissociate the DLPFC and VLPFC, and indeed WM tasks involving manipulation/organization recruit both of these regions . Such results are consistent hierarchical models in which DLPFC processes are implemented through its connections with the VLPFC and posterior cortical areas (Fuster, 1985) .
Conclusion
In conclusion, our findings are consistent with the hypothesis that the DLPFC contributes to LTM formation through its role in WM organization. These results converge with neuropsychological studies implicating the DLPFC in strategic organization during encoding (Dellarocchetta and Milner, 1993; Gershberg and Shimamura, 1995) and highlight the important link between WM control processes and LTM formation (Wagner, 1999; Buckner, 2003; .
